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A s  p a r t  o f  t h e  N A S A  C o n s e r v a t i o n  of S t r a t e g i c  A e r o s p a c e  
M a t e r i a l s  (COSAIG) p r o g r a m  lD2  we h a v e  s t u d i e d  t h e  r o l e  o f  c o b a l t  
v a r i a t i o n s  on t h e  s t a t i c  p r o p e r t i e s  o f  W a s p a l o y .  P r e v i o u s l y ,  we 
r e p o r t e d  t h e  e f f e c t s  o f  c o b a l t  on U d i m e t  TOO3? 
s t u d y  on W a s p a l o y  i s  i n t e r e s t i n g  s i n c e  t h i s  a l l o y  h a s  t h e  same 
a l l o y i n g  e l e m e n t s  a s  U d i m e t  700 ,  e x c e p t  t h a t  W a s p a l o y  h a s  l e s s  
a luminum a n d  t i t a n i u m  ( a n d  h e n c e ,  l e s s  7 '  p r e c i p i t a t e s )  a n d  l e s s  
molybdenum f o r  s o l i d  s o l u t i o n  s t r e n g t h e n i n g ,  For t h e s e  r e a s o n s  
W a s p a l o y  b e l o n g s  t o  a l o w e r  s t r e n g t h  c l a s s  o f  a l l o y s .  
A c o m p a r i t i v e  
In t h e  s t u d y  on U d i m e t  700 ,  s y s t e m a t i c  c r e e p  a n d  t e n s i l e  t e s t s  
w e r e  c o r r e l a t e d  w i t h  m i c r o s t r u c t u r e  a n d  m i c r o c h e m i s t r y  r e s u l t s  t o  
d e t e r m i n e  t h e  e f f e c t s  o f  r e p l a c i n g  c o b a l t  w i t h  n i c k e l  i n  t h e  a l l o y  
w h i c h  n o r m a l l y  c o n t a i n s  18% c o b a l t .  T h e s e  a l l o y s  w e r e  g i v e n  a 
s u b - s o l v u s  h e a t  t r e a t m e n t  u s e d  t o  r e t a i n  some p r i m a r y  y *  t o  p i n  
g r a i n  b o u n d a r i e s .  T h i s  f i n e  g r a i n  m a t e r i a l  i s  d e s i g n e d  f o r  l o w e r  
t e m p e r a t u r e ,  b u t  h i g h e r  s t r e n g t h  a p p l i c a t i o n s - - s u c h  a s  t h e  g a s  
t u r b i n e  d i s k .  
The y i e l d  a n d  t e n s i l e  s t r e n g t h s  o f  l o w  c o b a l t  U d i m e t  700  w e r e  
f o u n d  t o  b e  s l i g h t l y  l o w e r  t h a n  t h e  s t a n d a r d  a l l o y .  T h i s  s m a l l  
d e c r e a s e  i n  t e n s i l e  s t r e n g t h  was a t t r i b u t e d  t o  t h 3  s l i g h t  d e c r e a s e  
i n  s t r e n g t h e n i n g  y '  f r a c t i o n  e v e n  t h o u g h  t h e  t o t a l  7 '  f r a c t i o n  was 
f o u n d  t o  b e  i n d e p e n d e n t  o f  a l l o y  c o b a l t  c o n t e n t  3 , 4 s 6  
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I n  c o n t r a s t  t o  t h e  s m a l l  e f f e c t  o f  c o b a l t  on t e n s i l e  
p r o p e r t i e s ,  c r e e p  and  s t r e s s  r u p t u r e  s t r e n g t h  o f  t h e  low c o b a l t  
a l l o y s  f e l l  d r a s t i c a l l y .  B e s i d e s  i n c r e a s i n g  t h e  e f f e c t i v e  y e  
f r a c t i o n ,  we showed t h a t  c o b a l t  p a r t i t i o n s  t o  t h e  y m a t r i x ,  S O  i t  
would b e  e x p e c t e d  t o  d e c r e a s e  t h e  s t a c k i n g  f a u l t  e n e r g y  ( S F E )  o f  
t h i s  m a t r i x .  T h i s  d e c r e a s e  i n  t h e  SFE c o u l d  i n c r e a s e  t h e  
s e p a r a t i o n  o f  p a r t i a l  d i s l o c a t i o n s  and  s t r e n g t h e n  t h e  a l l o y  b y  
r e d u c i n g  c r o s s - s l i p .  
To d e t e r m i n e  w h e t h e r  SPE o r  t h e  e f f e c t i v e  y '  f r a c t i o n  is 
r e s p o n s i b l e  f o r  t h e  l o s s  i n  c r e e p  r e s i s t a n c e ,  t h e  U d i m e t  700 a l l o y s  
w e r e  g i v e n  a s e c o n d  t y p e  o f  h e a t  t r e a t m e n t  w h i c h  i n c l u d e d  a 
s o l u t i o n  a b o v e  t h e  y '  s o l v u s .  The t o t a l  7 '  f r a c t i o n  and  t h e  m a t r i x  
c o b a l t  c o n t e n t  w e r e  f o u n d  t o  b e  n e a r l y  i d e n t i c a l  t o  t h e  a l l o y s  
a f t e r  t h e  s u b - s o l v u s  h e a t  t r e a t m e n t - - o n l y  t h e  y '  m o r p h o l o g y  was  
c h a n g e d .  A f t e r  t h i s  h e a t  t r e a t m e n t  a l l  y '  was  u n i f o r m l y  
d i s t r i b u t e d ,  and  h e n c e ,  c o n t r i b u t e d  t o  t h e  a l l o y  s t r e n g t h .  N o t  
u n e x p e c t e d l y ,  t h e  t e n s i l e  s t r e n g t h  a n d  t h e  y i e l d  s t r e n g t h  a f t e r  
t h i s  s e c o n d  h e a t  t r e a t m e n t  w e r e  i n d e p e n d e n t  o f  c o b a l t .  But more 
i m p o r t a n t l y ,  w i t h  t h e  m i c r o s t r u c t u r a l  v a r i a b l e  r emoved ,  t h e  c r e e p  
and  s t r e s s  r u p t u r e  p r o p e r t i e s  o f  Ud ime t  700 a l s o  w e r e  not 
a f f e c t e d  by c o b a l t .  We c o n c l u d e  t h a t  c o b a l t  may l o w e r  t h e  s t a c k i n g  
f a u l t  e a e r e y  i n  Ud ime t  700,  b u t  t h a t  t h e  SFE e f f e c t  on p r o p e r t i e s  
i s  f o u n d  t o  b e  m i n o r  o n c e  t h i s  v a r i a b l e  i s  s e p a r a t e d  f r o m  c o b a l t ' s  
e f f e c t  on t h e  s t r e n g t h e n i n g  p r e c i p i t a t e  c o n t e n t .  
C o n c e r n i n g  h i g h e r  s t r e n g t h  c a s t  s u p e r a l l o y s ,  N a t h a l  and 
Maier '  showed t h a t  r e m o v i n g  c o b a l t  f r o m  c o n v e n t i o n a l l y  c a s t  
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WarK247 l o w e r e d  t h e  y p  f r a c t i o n  a n d  t h e  c r e e p  r e s i s t a n c e  o f  t h i s  
a l l o y .  By r e m o v i n g  c o b a l t  f r o m  s i n g l e  c r y s t a l  a l l o y s  e r i v e d  f r o m  
GarK247,  N a t b a l  a n d  E b e r t '  showed t h e  o p p o s i t e  e f f e c t  o f  c o b  
on y e  f r a c t i o n  a n d  s t r e s s  r u p t u r e .  A l t h o u g h  t h e r e  may b e  some 
m a t r i x  SFE c o m p o n e n t  t o  t h e  c r e e p  b e h a v i o r  i n  t h e s e  s t u d i e s ,  
m i c r o s t r u c t u r a l  c o n s t r a i n t s  h a v e  p r e v e r r t ~ d  i s o l a t i n g  t h a t  
v a r i a b l e .  I t  d o e s ,  h o w e v e r ,  a p p e a r  t h a t  t h e  SFE e f f e c t s  i n  t h e s e  
a l l o y s  a r e  a l s o  f a i r l y  m i n o r o  
A t  t h e  o t h e r  e n d  o f  t h e  s t r e n g t h  s p e c t r u m ,  two s t u d i e s  h a v e  
shown t h a t  c o b a l t  g r e a t l y  i m p r o v e s  t h e  s t r e s s  r u p t u r e  r e s i s t a n c e  
o f  b o t h  N i a o n i c  80A9 a n d  V a s p a l o y l o .  
i n c r e a s e s  t h e  v o l u m e  f r a c t i o n  o f  7 '  b y  d e c r e a s i n g  t h e  m a t r i x  
9 s o l u b i l i t y  f o r  a luminum a n d  t i t a n i u m .  A d d i t i o n a l l y ,  H e s l o p  
showed q u a l i t a t i v e l y  t h a t  c o b a l t  l o w e r s  t h e  s t a c k i n g  f a u l t  e n e r g y  
o f  t h e  m a t r i x  i n  N i m o n i c  80A. The c o b a l t - f r e e  m a t r i x  a f t e r  a 1% 
d e f o r m a t i o n  shows t a n g l e d  d i s l o c a t i o n s  a s  e v i d e n c e  o f  c r o s s - s l i p  
i n  c o n t r a s t  t o  s t r a i g h t  p a r t i a l  d i s l o c a t i o n s  s e p a r a t e d  b y  w i d e  
In b o t h  a l l o y s  c o b a l t  
1 0  s t a c k i n g  f a u l t s  i n  t h e  c o b a l t  c o n t a i n i n g  m a t r i x ,  MaUEer 
a l l u d e d  t o  SFE e f f e c t s  b y  c a l c u l a t i n g  t h a t  a 2 v o l u m e  p e r c e n t  
c h a n g e  i n  = y w  f r a c t i o n  w o u l d  n o t  t o t a l l y  a c c o u n t  f o r  t h e  c h a n g e  i n  
s t r e s s  r u p t u r e  b e h a v i o r .  N e i t B e r  a u t h o r  a t t e m p t e d  t o  s e p a r a t  
m i c r o s t r u c t u r a l  e f f e c t s  f r o m  t h e  m a t r i x  c h e m i s t r y  ( S F E )  e f f e c t s  o f  
c o b a l t .  In t h i s  p a p e r  we d i s c u s s  our e f f o r t s  t o  d i s t i n g u i s h  t h e  
e f f e c t s  of c o b a l t  on  SFE f r o m  t h e  7 '  s o l u b i l i t y  e f f e c t s .  
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EXPERIMENTAL PROCEDURE 
Cobalt was systematically replaced with nickel in four alloys 
based on Waspaloy while the alloy contents o f  all other compo- 
nents were kept constant, see Table I. Heats of 68 kg. (150 Pbs.) 
o f  each alloy were vacuum induction melted (VIM), vacaua arc 
remelted (VAR) into a 6 inch (152 mm) ingot, and hot rolled to 3 / 4  
inch (19 mm) diameter b a r  by Special Metals Corporation,of New 
Hartford, N e w  York. The y '  solvus determined b y  differential 
thermal analysis-(DTA) did not vary with cobalt content, so the 
alloys were given identical heat treatments, Table 11, resulting in 
equivalent microstructures with a n  average grain size o f  10-13 
microns. 
The alloys w i t h  four different cobalt levels were creep and 
stress rupture tested at 448, 517 and 5 5 1  H P a  (65, 7 5  and 80 ksi) 
and 76OOC (1400°F) to determine the phenomenological backstress 
component to creep at a constant temperature. Tests were also run 
at 704, 7 3 2  and 7 6 0 ° C  (1300,1350 and 14006F) and 551 M P a  (80 ksi) 
to determine the creep activation energy at a constant applied 
stress. Additionally room temperature tensile tests were used to 
characterize the effects of cobalt on the l o w  temperature strength 
of Waspaloy. 
Gamma prime phase extractions' determined that the fraction 
of this strengthening phase decreased from 22% to 20% as cobalt was 
removed. To compensate for this decrease in y e  fraction, two 7 kg 
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beats .of cobalt-free material witb additional aluminum and tita- 
nium, T a b l e  118 ere VIM cast and rolled to 2.5x0.5 inch ( 6 3 x 1 3  mm) 
plate by Special Metals Corporation. Simee the ~ ' s o l v ~ s  in
superalloys increases sbarply with aluminum and titanium content, 
the solution temperatures in the heat treatment o f  these alloys 
were increased accordingly, Table 11. 
6 
EXPERTMENTAL RESnLTS AND DISCUSSION 
M i c r o s t r u c t u r e  
The h e a t  t r e a t e d  m i c r o s t r u c t u r e s  o f  W a s p a l o y  w i t h  v a r y i n g  
c o b a l t  l e v e l s  were  e x a m i n e d  o p t i c a l l y  and  w i t h  SEM. The  s m a l l  
e f f e c t  of c o b a l t  on t h e  y '  f r a c t i o n  i n  t h i s  m a t e r i a l  i s  b a r e l y  
n o t i c e a b l e  i n  SEM m i c r o g r a p h s ,  F i g .  1. The c a r b i d e  m o r p h o l o g y  
d o e s  a p p e a r  t o  b e  s l i g h t l y  a f f e c t e d  b y  c o b a l t  a s  more ,  and  c o a r s e r ,  
c a r b i d e s  a p p e a r  a t  t h e  g r a i n  b o u n d a r i e s  i n  t h e  low c o b a l t  a l l o y s  
t h a n  t h e  s t a n d a r d  V a s p a l o y .  The e f f e c t  o f  c o b a l t  on t h e  c a r b i d e s  
3-10 in n i c k e l - b a s e  s u p e r a l l o y s  was d e m o n s t r a t e d  i n  e a r l i e r  p a p e r s  
u s u a l l y  w i t h  t h e  a r g u e m e n t  t h a t  c o b a l t  i n c r e a s e s  t h e  c a r b o n  s o l u -  
b i l i t y  in t h e  m a t r i x .  Bowever ,  r e c e n t  e x p e r i m e n t a l  e v i d e n c e  shows 
t h a t  c o b a l t  c a n  c h a n g e  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e  o f  t h e  
c a r b i d e s 5  b u t  t h a t  t h e  e f f e c t  on t h e  c a r b o n  s o l u b i l i t y  ( w h i c h  
i s  e x t r e m e l y  low a t  t h e  o p e r a t i n g  t e m p e r a t u r e s )  a p p e a r s  t o  b e  
n e g l i g i b l e  . 11 
T e n s i l e  B e h a v i o r  
The m i n o r  m i c r o s t r u c t u r a l  e f f e c t s  o f  c o b a l t  on y '  f r a c t i o n  and  
c a r b i d e s  r e s u l t  i n  l i t t l e  or no  c h a n g e  i n  t h e  room t e m p e r a t u r e  
s t r e n g t h  o r  d u c t i l i t y  o f  V a s p a l o y ,  F i g .  2 and  T a b l e  III. The 
t e n s i l e  s t r e n g t h  and  t h e  y i e l d  s t r e n g t h  a r e  n e a r l y  c o n s t a n t  a t  
r o n g & l y  1400  MPa ( 2 0 0  k s i )  and  1000 MPa ( 1 4 5  k s i ) ,  r e s p e c t i v e l y .  
The t e n s i l e  d u c t i l i t i e s  o f  t h e  a l l o y s  a r e  e s s e n t i a l l y  u n a f f e c t e d  by  
c o b a l t ,  a l l  a r e  i n  t h e  r a n g e  of 2 5  t o  30% e l o n g a t i o n  a n d  4 0  t o  45% 
r e d u c t i o n  of a r e a .  T h e s e  r e s u l t s  a r e  n o t  s u r p r i s i n g  s i n c e  i n  t h e  
c a s e s  o f  U d i n e t  7 0 0 ~ ' ~ ~  MaiM2477"8, Nimonic  $06' and an 
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e a r l i e r  s t u d y  on Waspaloy" c o b a l t  was f o u n d  t o  h a v e  l i t t l e ,  i f  
a n y ,  e f f e c t  on t b e  t e n s i l e  b e h a v i o r  o f  n i c k e l - b a s e  s u p e r a l l o y s .  
C r e e p  and  S t r e s s  R ~ ~ t u r e  Be_h_myj-ox 
In c o n t r a s t  t o  t h e  s m a l l  e f f e c t  o f  c o b a l t  on m i c r o s t r u c t u r e  
a n d  p r o p e r t i e s  i n  t e n s i l e  t e s t s ,  t h e  a l l o y s  w i t h  l e s s  c o b a l t  
h a d  l o w e r  s t r e s s  r u p t u r e  and  c r e e p  r e s i s t a n c e  t h a n  t h e  s t a n d a r d  
a l l o y  a t  a l l  a p p l i e d  s t r e s s e s  a n d  t e m p e r a t u r e s  t e s t e d .  S e e  F i g .  3 
f o r  t h e  r u p t u r e  l i v e s  a n d  F i g .  4 f o r  t h e  minimum c r e e p  r a t e s  a s  a 
f u n c t i o n  o f  c o b a l t  c o n t e n t .  F o r  a l l  a l l o y s  t h e  r u p t u r e  d u c t i -  
l i t i e s  w e r e  s c a t t e r e d  i n  a b a n d  f r o m  1 5  t o  3 0 %  e l o n g a t i o n  w i t h  no 
s y s t e m a t i c  e f f e c t  o f  c o b a l t ,  T a b l e  IV. However ,  t h e  r e d u c t i o n  
o f  a r e a  f o r  t h e  c o b a l t - f r e e  a l l o y  ( 2 0 - 3 5 8 )  was r o u g h l y  h a l f  t h e  
r e d u c t i o n  ( 4 0 - 6 5 % )  f o r  t h e  t h r e e  c o b a l t  c o n t a i n i n g  a l l o y s .  
C o b a l t  r e s i d e s  m a i n l y  i n  t h e  m a t r i x  o f  W a s p a l o y  ( t h e  m a t r i x  
c o b a l t  c o n t e n t  i s  a p p r o x i m a t e l y  15% c o m p a r e d  t o  5% i n  t h e  y ' )  a s  
h a s  b e e n  shown p r e v i o u s l y  i n  t h i s  a l l o y  a n d  a r a n g e  o f  o t h e r  
s u p e r  a 11 o y s  3 ' 7 D 1 2 .  C o b a l t  i n  t h e  m a t r i x  a f f e c t s  t h e  c r e e p  
b e h a v i o r  o f  t h e  a l l o y  i n  two s e p a r a t e  ways .  F i r s t ,  a s  m e n t i o n e d  
a b o v e ,  c o b a l t  d e c r e a s e s  t h e  m a t r i x  s o l u b i l i t y  l i m i t  f o r  t h e  y e  
f o r m e r s ,  a luminum and  t i t a n i u m .  In W a s p a l o y ,  13% c o b a l t  p r o d u c e s  
a n  i n c r e a s e  f r o m  2 0  t o  2 2 %  y t 6 .  U s i n g  t h e  l e v e r  r u l e  a p p l i e d  t o  
a p s e u d o - b i n a r y  p h a s e  d i a g r a m  4 D 9  f o r  t h i s  s y s t e m  t h e  y '  f r a c t i o n  
i n c r e a s e  t r a n s l a t e s  t o  a d e c r e a s e  i n  (Al+Ti) s o l u b i l i t y  o f  0 . 3 5  
a t o m i c  p e r c e n t .  
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The s e c o n d  e f f e c t  o f  c o b a l t  in t h e  m a t r i x  i s  i t s  s o l i d  s o l a -  
t i o n  s t r e n g t h e n i n g .  U n l i k e  o t h e r  a l l o y i n g  e l e m e n t s  i n  s u p e r a l l o y s ,  
t h e  c o b a l t  m i s m a t c h  w i t b  n i c k e l  i s  l e s s  t h a n  I%, T h e r e f o r e ,  a s  a 
m i s f i t t i n g  e l e m e n t  i t s  r o l e  i s  n e g l i g i b l e .  I t s  e f f e c t  on t h e  
c o h e r e n c y  s t r a i n s  o f  7 / 7 '  m i s m a t c h  h a v e  b e e n  shown t o  b e  s m a l l  e 
However ,  E e e s t o n ,  e t  d3, H e s l o p  , and  Law, e t  a1 .14  h a v e  
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shown t h a t  c o b a l t  s u b s t a n t i a l l y  l o w e r s  s t a c k i n g  f a u l t  e n e r g y  i n  
b i n a r y  n i c k e l - c o b a l t  a l l o y s ,  in Ni-Cr-Co t e r n a r i e s ,  and  i n  t h e  
m a t r i x  o f  a complex  n i c k e l - b a s e  s u p e r a l l o y ,  MERL 7 6 ,  r e s p e c t i v e l y .  
From t h e s e  r e s u l t s  we c o n c l u d e  t h a t  t h e  13% c o b a l t  in W a s p a l o y  
l o w e r s  t h e  s t a c k i n g  f a u l t  e n e r g y  i n  t h e  m a t r i x .  By usin4 t h e  v a r i -  
ous l i n e a r   approximation^^^-^^ we w i l l  show t h a t  t h i s  c o b a l t  
c o n t c z t  l o w e r s  t h e  SFE o f  t h e  m a t r i x  b y  a b o u t  43%.  
To d e t e r m i n e  w h i c h  c o b a l t  e f f e c t  h a s  t h e  d o m i n a n t  r o l e  i n  
t h e  c r e e p  b e h a v i o r  o f  W a s p a l o y ,  we s e p a r a t e d  t h e  p a r t i c l e  c o n t r i -  
b n t i o n  f r o m  t h e  m a t r i x  (or SFE) c o n t r i b u t i o n  u s i n g  e x i s t i n g  semi-  
e m p i r i c a l  e q u a t i o n s  15*16. 
d a t a  u s i n g  t h e  s t a n d a r d  c r e e p  e q u a t i o n  (1) w a s  d o n e  t o  d e t e r m i n e  
t h e  s t r e s s  e x p o n e n t ,  n, and  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y ,  
f o r  e a c h  of t h e  c o b a l t  c o n t e n t s ,  s e e  T a b l e  V. 
A p r e l i m i n a r y  a n a l y s i s  o f  t h e  c r e e p  
QA * 
n (-QA/RT) 
6 = A o c  e (1) 
b i s  t h e  minimum c r e e p  r a t e ,  Q i s  t h e  a p p l i e d  s t r e s s ,  110 i s  a 
s t r u c t u r e  d e p e n d e n t  c o n s t a n t  a n d  T i s  t h e  a b s o l u t e  t e m p e r a t u r e .  
B o t h  t h e  s t r e s s  e x p o n e n t  and  t h e  a p p a r e n t  c r e e p  a c t i v a t i o n  
e n e r g y  i n c r e a s e  (from 7 . 0  t o  7 . 9  a n d  f r o m  6 4  t o  7 4  k c a l / m o l e ,  
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r e s p e c t i v e l y )  w i t h  i n c r e a s i n g  c o b a l t  c o n t e n t  i n  W a s p a l o y .  
A f u r t h e r  a n a l y s i s  of t h e  c r e e p  r e s u l t s  u s i n g  t h e  c r e e p  
e q u a t i o n  d e r i v e d  t o  s e p a r a t e  t h e  p a r t i c l e  c o n t r i b u t i o n  f r o m  t h e  
a l l o y  m a t r i x  c o n t r i b u t i o n  o f  c o m p l e x  p a r t i c l e  s t r e n g t h e d  a l l o y s .  
I n  t h i s  e q u a t i o n  A '  i s  a new m a t e r i a l  c o n s t a n t ,  k i s  a f a c t o r  
b e t w e e n  0 a n d  1 r e l a t i n g  t h e  m a t r i x  s o l i d  s o l a t i o n  d r a g  s t r e s s ,  
t o  t h e  e f f e c t i v e  s t r e s s  o n  a d i s l o c a t i o n  Q = k (a - a ) ,  
u i s  t h e  a p p l i e d  s t r e s s ,  u i s  t h e  p a r t i c l e  b a c k  s t r e s s ,  E i s  t h e  
t e m p e r a t u r e  d e p e n d e n t  e l a s t i c  m o d u l u s ,  Q O  i s  t h e  t r u e  a c t i v a t i o n  
e n e r g y  f o r  c r e e p  w h i c h  i s  r o u g h l y  t h e  a c t i v a t i o n  e n e r g y  f o r  p e l f  
d i f f u s i o n  i n  n i c k e l .  
s 8  s P 
P 
V a l u e s  o f  k a n d  a f o r  V a s p a l o y  w i t h  v a r i o u s  c o b a l t  l e v e l s  
P 
a r e  i n c l u d e d  i n  T a b l e  V. N o t e  t h e  p a r t i c l e  c o m p o n e n t ,  u i n -  
c r e a s e s  f r o m  207  MPa ( 3 0 . 0  k s i )  f o r  t h e  c o b a l t - f r e e  a l l o y  t o  2 4 3  
MPa ( 3 5 . 4  k s i )  f o r  t h e  s t a n d a r d  a l l o y .  T h i s  i n c r e a s e  i s  c o n s i s t e n t  
w i t h  t h e  s m a l l  i n c r e a s e  i n  y '  f r a c t i o n  a s  t h e  c o b a l t  l e v e l  
P ,  
i n c r e a s e s .  I n  W a s p a l o y ,  i n  c o n t r a s t  t o  U d i m e t  700',  T a b l e  VI, t h e  
m a t r i x  c o n t r i b u t i o n ,  k, a l s o  i n c r e a s e s  m a r k e d l y  w i t h  c o b a l t  c o n t e n t  
f r o m  .651 i n  t h e  c o b a l t - f r e e  a l l o y  t o  - 8 0 0  i n  s t a n d a r d  W a s p a l o y .  
X i t  e t  p r e s e n t e d  a v a r i a t i o n  o f  t h e  c r e e p  e q u a t i o n  
( 2 )  b a s e d  on t h e  work  o f  S h e r b y  a n d  c o - w o r k e r s  c o n e l a d i n g  
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t h a t  s t a c k i n g  f a u l t  e n e r g y  i s  t h e  m a j o r  m a t r i x  c o n t r i b u t i o n  t o  
t h e  c r e e p  s t r e n g t h  of p a r t i c l e  s t r e n g t h e n e d  s y s t e m s .  
i s  SFE I n  t h i s  e q u a t i o n  A i s  a new m a t e r i a l  c o n s t a n t  and  y 
t h e  s t a c k i n g  f a u l t  e n e r g y  o f  t h e  m a t r i x  r e l a t i v e  t o  p u r e  n i c k e l .  
Tbe SFE e x p o n e n t  comes d i r e c t l y  f r o m  E q u a t i o n  ( 2 )  b y  c l a i m i n g  t h a t  
t h e  m a t r i x  d r a g  e f f e c t  i s  d u e  e n t i r e l y  t o  t h e  SFE. T h i s  e x p o n e n t  
i s  s l i g h t l y  h i g h e r  t h a n  t h e  v a l u e s  o f  2-3.5 r e p o r t e d  b y  Law14 o r  
S h e r b y  18-20 f o r  s i n g l e  p h a s e  a l l o y s .  The o t h e r  v a r i a b l e s  h a v e  
t h e  same m e a n i n g  a s  i n  e q u a t i o n  ( 2 ) .  I n t e r p r e t i n g  t h e  p r e s e n t  
c r e e p  r e s u l t s  w i t h  t h i s  new e q u a t i o n ,  t h e  SFE o f  t h e  W a s p a l o y  
m a t r i x  i s  f o u n d  t o  b e  r e d u c e d  by 43% d u e  t o  c o b a l t .  T h i s  v a l u e  
i s  q u i t e  r e a s o n a b l e  and  c o n s i s t e n t  w i t h  t h e  l i n e a r  a p p r o x i m a t i o n  
o f  SFE i n  R e f s .  1 4  and 15. 
The c r e e p  a c t i v a t i o n  e n e r g i e s  d e t e r m i n e d  in t h i s  s t u d y  
p r o v i d e  f u r t h e r  e v i d e n c e  t h a t  SFE i s  p l a y i n g  t h e  d o m i n a n t  r o l e  i n  
c o b a l t ' s  e f f e c t  on t h e  c r e e p  r e s i s t a n c e  of W a s p a l o y .  The 
a p p a r e n t  c r e e p  a c t i v a t i o n  e n e r g y  i n  W a s p a l o y  i n c r e a s e s  w i t h  
c o b a l t  c o n t e n t  ( s e e  T a b l e  V). The t r u e  c r e e p  a c t i v a t i o n  
e n e r g y ,  Q o ,  c a n  b e  c a l c u l a t e d  f r o m  t h e  a p p a r e n t  v a l u e ,  QA, b y  
i n c l u d i n g  t h e  t e m p e r a t u r e  e f f e c t  on t h e  e l a s t i c  m o d u l u s  i n  
e q u a t i o n  (1). In a r a n g e  o f  p a r t i c l e  s t r e n g t h e n e d  n i c k e l - b a s e  
a l l o y s  p r e v i o u s  r e s e a r c h e r s  16D21-23 h a v e  shown t h a t  t h e  t r a e  
c r e e p  a c t i v a t i o n  e n e r g y  i s  a l l o y  i n d e p e n d e n t  and  n e a r l y  e q u a l  t o  
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t b e  s e l f  d i f f u s i o n  a c t i v a t i o n  e n e r g y  f o r  n i c k e l .  
2 4  F o r  W a s p a l o y  a t  7 6 O o C ,  t h e  e l a s t i c  m o d u l u s  i s  1 6 8  GPa 
and  ( d E / d T )  i s  r o u g h l y  - S 5  HPa/K, g i v i n g  Q O  t h e  v a l u e  o f  66 
k c a l / m o l e .  We h a v e  n o t  e x p e r i m e n t a l l y  d e t e r m i n e d  t h e  v a l u e s  o f  
E ( T )  a n d  d E / d T  f o r  c o b a l t  m o d i f i e d  W a s p a l o y . .  However ,  t h e  
e l a s t i c  m o d u l i  w o u l d  n o t  b e  e x p e c t e d  t o  d i f f e r  much f r o m  t h e  
s t a n d a r d  a l l o y ,  a s  t h e  c a s e  w i t h  N i m o n i c  80A a n d  I n d e e d ,  
t h e  d i f f e r e n c e  b e t w e e n  t h e  e l a s t i c  m o d u l i  f o r  a n y  two n i c k e l - b a s e  
s u p e r a l l o y s  w o u l d  n o t  b e  s u f f i c i e n t  t o  e x p l a i n  t h e  t h e s e  
d i f f e r e n c e s  i n  t h e  c r e e p  a c t i v a t i o n  e n e r g i e s  w i t h  c o b a l t .  This 
i n d i c a t e s  t h a t  c o b a l t ' s  e f f e c t  on t h e  c r e e p  a c t i v a t i o n  e n e r g y  
c a n n o t  b e  e x p l a i n e d  b y  a s i m p l e  m o d u l u s  e f f e c t  i n  e q u a t i o n  (1). 
A more t h o r o u g h  a n a l y s i s  o f  t h e  a c t i v a t i o n  e n e r g i e s  i n  
p a r t i c l e  s t r e n g t h e n e d  a l l o y s  u s i n g  e q u a t i o n s  ( 2 )  o r  ( 3 )  i n c l u d e s  
23,16 t e m p e r a t u r e  e f f e c t s  on t h e  p a r t i c l e  and  d r a g  b a c k  s t r e s s e s  
i n  a d d i t i o n  t o  t h e  m o d u l u s  e f f e c t .  The  t r u e  a c t i v a t i o n  e n e r g y ,  
Q o  t a k e s  t h e  f o r m ,  
o r ,  a l t e r n a t i v e l y ,  i n ' t e r m s  o f  t h e  s t a c k i n g  f a u l t  e n e r g y ,  
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The v a r i a b l e s  a r e  d e f i n e d  a s  in e q u a t i o n  ( 3 )  w h e r e  n o  was g i v e n  
t h e  v a l u e  o f  4 .  I n  t h i s  f o r m  t h e  p a r t i c l e  b a c k  s t r e s s  h a s  t h e  same 
t e m p e r a t u r e  d e p e n d e n c e  a s  t h e  e l a s t i c  m o d u l u s  a n d ,  a s  s u c h ,  22  
s h o u l d  n o t  b e  g r e a t l y  a f f e c t e d  b y  c o b a l t .  However ,  t h e  s t a c k i n g  
f a u l t  e n e r g y  t e r m  w o u l d  b e  e x p e c t e d  t o  show a c o b a l t  e f f e c t .  
E r i c ~ s o n ~ ~  a n d  T i s o n e 2 6  h a v e  shown t h a t  t h e  SFE o f  Co-Ni 
a l l o y s  i n c r e a s e s  w i t h  t e m p e r a t u r e ,  s o  t h e  l a s t  t e rm i n  e q u a t i o n  
( 5 b )  becomes  more n e g a t i v e  w i t h  i n c r e a s i n g  c o b a l t .  T h u s ,  a l t h o u g h  
t h e  t r u e  a c t i v a t i o n  e n e r g y  d o e s  n o t  c h a n g e  w i t h  C o b a l t ,  t h e  
a p p a r e n t  a c t i v a t i o n  e n e r g y  i n  c o b a l t  c o n t a i n i n g  W a s p a l o y  w o u l d  b e  
e x p e c t e d  t o  b e  h i g h e r  t h a n  i n  t h e  c o b a l t - f r e e  a l l o y .  We c a n  c a l -  
c u l a t e  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  SFE a s s u m i n g  t h i s  e f f e c t  
a c c o u n t s  f o r  t h e  1 0  k c a l / m o l e  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  e n e r g i e s  
b e t w e e n  t h e  s t a n d a r d  a n d  c o b a l t - f r e e  W a s p a l o y .  U s i n g  2 4 0  e r g / c r n t  
a s  t h e  SFE o f  n i c k e l ” ,  d y / d T  a t  760°C i s  f o u n d  t o  b e  .056  
e r g / c m 2 - o C .  T h i s  i s  w i t h i n  a f a c t o r  o f  two o f  t h e  v a l u e  .03+.02 
erg/cmZ-OC d e t e r m i n e d  b y  E r i c s s o n  u s i n g  t h e  n o d e  a r e a  m e t h o d  i n  2 5  
t h e  b i n a r y  Co-Ni . a l l o y s .  
From t h e  r e s u l t s  of t h e  a n a l y s e s  o f  b o t h  t h e  m a t r i x  d r a g  b a c k  
s t r e s s  a n d  t h e  c r e e p  a c t i v a t i o n  e n e r g y  we c o n c l u d e  t h a t  t h e  e f f e c t  
o f  c o b a l t  on t h e  c r e e p  o f  W a s p a l o y  i s  d u e  t h e  r e d u c t i o n  o f  t h e  
m a t r i x  s t a c k i n g  f a u l t  e n e r g y .  A l t h o u g h  c o b a l t  d o e s  c a u s e  some 
m i c r o s t r u c t u r a l  c h a n g e s  i n  t h e  y @  and  c a r b i d e s  o f  W a s p a l o y ,  t h e s e  
e f f e c t s  a r e  d e c i d e d l y  s m a l l  when c o m p a r e d  t o  t h e  SFE e f f e c t .  
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N o d i f j e d  W a s p a l o y  
The n e x t  p h a s e  o f  t h i s  p r o j e c t  was t o  a t t e m p t  t o  remedy t h e  
l o s s  o f  c r e e p  r e s i s t a n c e  i n  W a s p a l o y  d u e  t o  t h e  r e m o v a l  o f  c o b a l t .  
T h i s  c a n  b e  a c c o m p l i s h e d  b y  r a i s i n g  t h e  m a t r i x  d r a g  s t r e s s  ( b y  
a d d i n g  s o l i d  s o l u t i o n  s t r e n g t h e n e r s ) ,  o r  b y  r a i s i n g  t h e  p a r t i c l e  
r e s i s t i n g  s t r e s s  ( b y  i n c r e a s i n g  t h e  y ' f r a c t i o n ) ,  o r  a c o m b i n a t i o n  of 
b o t h ,  
e f f e c t s  w e r e  t h e  o r i g i n  o f  a l o s s  o f  c r e e p  s t r e n g t h .  M o d i f y i n g  t h e  
I n  t h e  e a r l i e r  s t u d y  o n  Udimet  7003, m i c r o s t r u c t u r a l  
h e a t  t r e a t m e n t  a n d  t h e r m o m e c h a n i c a l  p r o c e s s i n g  t o  c o m p e n s a t e  f o r  
t h e  y '  s o l v u s  e f f e c t s  of c o b a l t  r e s t o r e d  t h e  c r e e p  r e s i s t a n c e  
w i t h o u t  a n y  c h e m i s t r y  a l t e r a t i o n s .  
The e f f e c t  o f  c o b a l t  on W a s p a l o y  i s  n o t  m i c r o s t r u c t u r a l  s o  
t h e r m a l  t r e a t m e n t  o p t i o n s  d o  n o t  a p p l y ,  T h e r e f o r e ,  we e i t h e r  
1) r e p l a c e  c o b a l t  w i t h  a n  e q u i v a l e n t  amount  o f  a n o t h e r  BCP m e t a l  t o  
l o w e r  t h e  s t a c k i n g  f a u l t  e n e r g y ,  o r  2) i n c r e a s e  t h e  s o l i d  s o l u t i o n  
s t r e n g t h e n i n g  b y  a d d i n g  r e f r a c t o r y  e l e m e n t s ,  o r  3 )  i n c r e a s e  t h e  y '  
f r a c t i o n  b y  a d d i n g  y '  f o r m e r s .  
The a p p r o a c h  we d e c i d e d  t o  u s e  was i n c r e a s i n g  t h e  y ' f o r m e r s ,  
a luminum a n d  t i t a n i u m .  S i n c e  t h e s e  e l e m e n t s  a r e  p o t e n t  s t r e n g -  
t h e n e r s ,  m i n o r  c h a n g e s  i n  c h e m i s t r y  c a n  r e s u l t  i n  s u b s t a n t i a l  g a i n s  
i n  s t r e n g t h .  We r u l e d  o u t  i n c r e a s i n g  t h e  chromium or molybdenum 
c o n t e n t s  t o  l o w e r  t h e  SFE b e c a u s e  t h e  a l l o y  m a t r i x  i n  n e a r l y  
s a t u r a t e d  w i t h  t h e s e  e l e m e n t s  a n d  s u c h  a n  a d d i t i o n  c o u l d  l e a d  t o  
p h a s e  i n s t a b i l i t i e s  w i t h  a m a r g i n a l  e f f e c t  on t h e  s o l i d  s o l u t i o n  
s t r e n g t h .  A l s o ,  we e l i m i n a t e d  a d d i n g  a n  a l t e r n a t i v e  HCP m e t a l  t o  
r e p l a c e  t h e  c o b a l t  s i n g e  i n t r o d u c i n g ,  s a y .  10% o f  a new e l e m e n t  t o  
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t h e  a l l o y  i s  t h e  e q u i v a l e n t  o f  d e s i g n i n g  a n  e n t i r e l y  new a l l o y ,  
wh ich  i s  n o 1  t h e  i n t e n t  o f  t h i s  s t u d y .  
The a l l o y  D1-1948-1 was m o d i f i e d  w i t h  a n  a d d i t i o n  o f  0.42 
a t o m i c  % ( A l + T i )  t o  c o m p e n s a t e  f o r  t h e  2% y '  volume f r a c t i o n  
d e c r e a s e  d u e  t o  r e m o v i n g  c o b a l t .  T h i s  a l l o y  showed e s s e n t i a l l y  no 
improvemen t  i n  t h e  5 5 1  MPa/7320C ( 8 0  k s i / 1 3 5 O O F )  s t r e s s  r u p u r e  l i f e  
o v e r  t h e  c o b a l t - f r e e  W a s p a l o y  w i t h  t h e  s t a n d a r d  y '  c o n t e n t  . 
However ,  t b e  a l l o y  w i t h  1 . 2 3  a t o m i c  k ( A l + T i )  a d d e d  d i d  show t h e  
e x p e c t e d  i n c r e a s e  i n  t h e  r u p t u r e  l i f e  s o  we c o n c e n t r a t e d  on  t h i s  
a l l o y  i n  o u r  s t u d y .  ( A s  a r e f e r e n c e ,  t h e  a luminum a n d  t i t a n i u m  
c o n t e n t s  o f  t h i s  a l l o y  a r e  0 .10  w/o and  0 . 1 5  w / o  a b o v e  t h e  
s p e c i f i c a t i o n  maximum.) 
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The a d d i t i o n a l   estimated t o  b e  a b o u t  5 p e r c e n t )  r a i s e d  t h e  
4 4 8  MPA/7600C ( 6 5  ks i / l 4OOOF r u p t u r e  l i f e  o f  t h e  c o b a l t - f r e e  a l l o y s  
f rom 3 .48  t o  1 8 . 8 5  h o u r s ,  r e d u c i n g  t h e  minimum c r e e p  r a t e  from 
6 . 3 ~ 1 0 - ~  t o  0 . 2 5 ~ 1 0 - ~  p e r  s e c ,  s e e  T a b l e  111. N o t e  t h a t  t h e  
c r e e p  r a t e s  o f  t h i s  a l l o y  a t  760°C a r e  n e a r l y  i d e n t i c a l  t o  t h e  
s t a n d a r d  a l l o y .  The t r a d e - o f f  f o r  t h i s  a d d i t i o n a l  s t r e n g t h  i s  a 
d r o p  i n  d u c t i l i t y  ( f r o m  15-309  for t h e  s t a n d a r d  a l l o y  t o  1 1 - 1 4 s  f o r  
t h i s  low c o b a l t  a l l o y  w i t h  more y ' ) .  The c o m b i n a t i o n  o f  e q u i v a l e n t  
minimum c r e e p  r a t e s  and  r e d u c e  d u c t i l i t y  r e s u l t s  i n  s h o r t e r  r u p t u r e  
l i v e s  for t h i s  m o d i f i e d  a l l o y  compared  t o  t h e  s t a n d a r d  
cob  a 1 t - c o n  t a i n i n g  W a  s p  a l o y  . 
T h e s e  r e s u l t s  i n d i c a t e  t h a t  a l t h o u g h  c o b a l t  i s  c e r t a i n l y  
n e c e s s a r y  f o r  t h e  h i g h  t e m p e r a t u r e  c r e e p  s t r e n g t h  o f  W a s p a l o y ,  
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some c o n s e r v a t i o n  o f  t b i s  s t r a t e g i c  e l e m e n t  may b e  a c h i e v e d  b y  
i n c r e a s i n g  t h e  y '  c o n t e n t  o f  a low c o b a l t  v e r s i o n  o f  t h e  a l l o y ,  
However ,  t o  a c h i e v e  t h e  c r e e p  r e s i s t a n c e  i n  8 c o b a l t - f r e e  a l l o y  a 
d e c r e a s e  i n  t h e  r u p t u r e  d u c t i l i t y  r e s u l t s .  A p o s s i b l e  c o m p r o m i s e  
a l l o y  w i t h ,  s a y ,  h a l f  t b e  c o b a l t  c o n t e n t  a n d  m a x i m a l  a luminum a n d  
t i t a n i u m  c o n t e n t s  may b e  a n  e f f e c t i v e  a l t e r n a t i v e  a l l o y  w i t h  
a d e q u a t e  c r e e p  and s t r e s s  r u p t u r e  r e s i s t a n c e .  
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W a s p a l o y  and  Ud ime t  7 0 0  b e l o n g  t o  t h e  t h e  s a m e  f a m i l y  o f  
w r o u g h t  n i c k e l - b a s e  a l l o y s  c o n t a i n i n g  C r ,  eo,  Mo, A 1  and  T i  a s  t h e  
m a j o r  a l l o y i n g  e l e m e n t s .  W a s p a l o y  i s  a t  t h e  l o w  end  o f  t h e  
s t r e n g t h  s c a l e  w i t h  r o u g h l y  20% y '  and  Udime t  7 0 0  a t  t h e  h i g h  end  
w i t h  4 5 % .  I n  t h i s  s t u d y  and  t h e  p r e v i o u s  work  on U d i m e t  7 0 0  
we h a v e  s y s t e m a t i c a l l y  r e p l a c e d  t h e  c o b a l t  w i t h  n i c k e l  t o  i s o l a t e  
c o b a l t ' s  e f f e c t  on p r o p e r t i e s  and  m i c r o s t r u c t u r e .  
3 0 4  
I n  t h e s e  a l l o y  s y s t e m s  we h a v e  i d e n t i f i e d  t h e  p r i m a r y  e f f e c t s  
o f  c o b a l t .  B e c a u s e  i t  p a r t i t i o n s  t o  t h e  7 m a t r i x ,  c o b a l t  p r e d o m i -  
n e n t l y  a f f e c t s  t h i s  p h a s e .  C o b a l t  l o w e r s  t h e  m a t r i x  s t a c k i n g  f a u l t  
e n e r g y  and  d e c r e a s e s  t h e  a luminum and t i t a n i u m  s o l u b i l i t i e s .  S i n c e  
c o b a l t  and a luminum d o  n o t  f o r m  Co A l ,  s u b s t i t u t i n g  c o b a l t  f o r  
n i c k e l  l o w e r s  t h e  y '  s o l v u s  i n  s u p e r a l l o y s .  C o b a l t  a l s o  l o w e r s  t h e  
t e r m i n a l  m a t r i x  a l a m i n u m  s o l u b i l i t y  s o  a c r o s s - o v e r  o f  t h e  c o b a l t  
c o n t a i n i n g  and  c o b a l t - f r e e  s o l v u s  l i n e s  r e s u l t s .  I n d e e d ,  Waspa loy  
i s  a t  t h i s  c r o s s - o v e r  c o m p o s i t i o n  w h i l e  Ud ime t  7 0 0  i s  above '  and  
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N i m o n i c  90  i s  be low'  t h e  a lnminnm c o n t e n t  o f  t h e  c r ' o s s - o v e r .  
A s  z i  c o n s e q u e n c e  o f  this solvus e f f e c t ,  t h e  c a r b i d e  s o l v u s  and 
t h e  p r o c e s s i n g  t e m p e r a t u r e s  of Bigh y g  f r a c t i o n  a l l o y s  l i k e  Udimet  
7 0 0  d e c r e a s e  w i t h  d e c r e a s i n g  c o b a l t  c o n t e n t .  However ,  a f t e r  t h e  
p r o p e r  p r o c e s s i n g  m o d i f i c a t i o n s  c o b a l t  e f f e c t s  on m i c r o s t r a c t a r e  
o a n  b e  e s s e n t i a l l y  e l i m i n a t e d .  
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I n  R a s p a l o y ,  a s  i n  Udimet  7 0 0 ,  c o b a l t  d o e s  n o t  a f f e c t  t h e  
t e n s i l e  o r  y i e l d  s t r e n g t h s .  This r e s u l t  i s  q u i t e  r e a s o n a b l e  s i n c e  
t h e  s t r e n g t h e n i n g  m e t h o d s  f o r  s h o r t  t i m e s  o r  a t  l o w  t e m p e r a t u r e s  i n  
t h e s e  a l l o y s  a r e  d e t e r m i n e d  b y  7 '  f r a c t i o n ,  a n t i - p h a s e  b o u n d a r y  
e n e r g y ,  c o h e r e n c y  s t r a i n s ,  a n d ,  o f  c o n r s e ,  m i c r o s t r u c t u r e  * 27-29 
C o b a l t ' s  e f f e c t  on m i c r o s t r u c t u r e  i s ,  a g a i n ,  m i n i m a l .  J t s  
e f f e c t s  o n  m i s m a t c h  or o n  c o h e r e n c y  s t r a i n s  a r e  a l s o  v e r y  s m a l l - -  
e s s e n t i a l l y  b e l o w  t h e  r e s o l v a b l e  l i m i t  . C o b a l t  c a n  i n c r e a s e  t h e  
7 '  f r a c t i o n  by d e c r e a s i n g  t h e  s o l u b i l i t y  f o r  ( A l + T i ) .  In W a s p a l o y ,  
t h e  y '  p r i m e  f r a c t i o n  i c c r e a s e d  f r o m  2 0  t o  22% w h i c h  would  n o t  h a v e  
a m e a s u r a b l e  e f f e c t  on p r o p e r t i e s .  I n  U d i m e t  700, a s m a l l e r  v o l u m e  
i n c r e a s e  o f  l e s s  t h a n  1% F e s a l t e d .  The e f f e c t  o f  c o b a l t  on APB 
w o u l d  b e  e x p e c t e d  t o  b e  v e r y  s m a l l  s i n c e  t h e  y '  c o b a l t  c o n t e n t  i s  
much s m a l l e r  ( r o u g h l y  o n e - t h i r d )  t h e  m a t r i x  c o n t e n t .  S h o u l d  c o b a l t  
h a v e  a n y  e f f e c t  i t  w o u l d  b e  e x p e c t e d  t o  l o w e r  t h e  APB s i n c e  i t  
t e n d s  t o  d e - s t a b i l i z e  t h e  7 ' .  
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Under  e l e v a t e d  t e m p e r a t u r e  c r e e p  a n d  s t r e s s  r u p t u r e  c o n d i t i o n s  
t h e  m a t r i x  ( a n d ,  h e n c e ,  c o b a l t )  would  b e  e x p e c t e d  t o  p l a y  a l a r g e r  
r o l e  t h a n  i n  s h o r t  t i m e  t e n s i l e  t e s t s .  D u r i n g  c r e e p  d e f o r m a t i o n ,  
m a t r i x  d i s l o c a t i o n s  b y - p a s s  t h e  y '  p r e c i p i t a t e s  b y  t h e r m a l l y  
a c t i v a t e d  c r o ~ s - s l i p ~ ~ ~ ~ ~  a n d  c l i m b  m e c h a n i s m s 3 2  a s  w e l l  a s  
c a t t i n g  t h e  p a r t i c l e  2 3 * 3 3 s 3 4 e  
i m p o r t a n t  r o l e  i n  c r e e p  b y  l o w e r i n g  t h e  s t a c k i n g  f a u l t  e n e r g y  of 
t h e  m a t r i x  a n d  a p p a r e n t l y  i n h i b i t i n g  t h e  c r o s s - s l i p  a n d  c l i m b  
p r o c e s s e s .  B o w e v e r ,  i n  U d i m e t  7 0 0 ,  w i t h  n e a r l y  an i d e n t i c a l  m a t r i x  
I n  W a s p a l o y  c o b a l t  p l a y s  a n  
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a s  P i a s p a l o y ,  c o b a l t  h a s  no e f f e c t  on c r e e p .  
R e s o l v i n g  t h e  d i f f e r e n c e  i n  b e h a v i o r  o f  c o b a l t  b e t w e e n  low 
v o l u m e  f r a c t i o n  W a s p a l o y  a n d  h i g h  volume f r a c t i o n  Udimet  7 0 0  i s  k e y  
t o  u n d e r s t a n d i n g  n o t  o n l y  t h e  r o l e  o f  c o b a l t  i n  s u p e r a l l o y s ,  b a t  
more g e n e r a l l y ,  u n d e r s t a n d i n g  t h e  r o l e  o f  SFE i n  p a r t i c l e  
s t r e n g t h e n e d  s y s t e m s .  The m a j o r  d i f f e r e n c e s  b e t w e e n  t h e  two a l l o y  
s y s t e m s  a r e  t h e  y '  v o l u m e  f r a c t i o n  a n d  p a r t i c l e  s i z e .  In W a s p a l o y  
t h e  2 0 %  v o l u m e  f r a c t i o n  of 7 '  i s  p r e c i p i t a t e d  m o s t l y  a s  v e r y  s m a l l  
s p h e r o i d s  40-60nm i n  d i a m e t e r  a n d  a s m a l l  f r a c t i o n  o f  l a r g e r  
p a r t i c l e s  150-200nm i n  d i a m e t e r .  In c o n t r a s t ,  t h e  y l  i n  Udimet  700 
p r e c i p i t a t e s  a s  a l l i g n e d  c u b e s  300-500nm on a s i d e  a n d  a s m a l l  
f r a c t i o n  o f  r o u n d  v e r y  f i n e  p a r t i c l e s  a b o u t  60-100nm i n  d i a m e t e r .  
Due t o  t h e  d i f f e r e n c e  i n  volume f r a c t i o n  t h e  m e c h a n i c a l  
b e h a v i o r  o f  W a s p a l o y  would  b e  d o m i n a t e d  b y  t h e  m a t r i x  w h i l e  t h e  
b e h a v i o r  o f  Udimet  7 0 0  w o u l d  b e  d o m i n a t e d  b y  t h e  y ' .  g e a r ,  e t  a l .  
( R e f s .  3 1 , 3 3 , 3 4 )  p r e s e n t  a model  o f  t h e  y '  c u t t i n g  b e h a v i o r  o f  
d i s l o c a t i o n s  in t h e  h i g h  y '  f r a c t i o n  a l l o y  Mar M200. They e x p l a i n  
t h a t  t h e  c u t t i n g  m e c h a n i s m  i s  p r o v i d e d  b y  a p a i r  of g < i O l > ( l l l )  
d i s l o c a t i o n s .  The f i r s t  f o r m s  a n  a n t i - p h a s e  b o u n d a r y  (APB) i n  t h e  
7 #  a n d  t h e  s e c o n d  r e m o v e s  t h a t  APB l e a v i n g  b e h i n d  a p e r f e c t  c r y s t a l ,  
The l o w e s t  e n e r g y  c o n f i g u r a t i o n  o f  t h e s e  d i s l o c a t i o n s  i s  a s  a co-  
p l a n a r  p a i r .  The s e p a r a t i o n  of t h e s e  c o - p l a n a r  p a i r s  i s  f a r  g r e a t e r  
t h a n  t h e  s t a c k i n g  f a u l t  w i d t h  b e t w e e n  t h e  p a r t i a l s  o f  t h e  i n d i v i d u a l  
d i s l o c a t i o n s .  Thus  c r o s s - s l i p  o r  c l i m b  o f  t h e  p a i r s  would  b e  
f a i r l y  i n s e n s i t i v e  t o  c h a n g e s  i n  s t a c k i n g  f a u l t  e n e r g y  ( w h i c h  
d e t e r m i n e s  t h e  s e p a r a t i o n s  o f  t h e  p a r t i a l s  b u t  n o t  t h e  d i s t a n c e  
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b e t w e e n  t1;e d i s l o c a t i o n  p a i r s )  e 
T h i s  p a i r i n g  and  c u t t i n g  h a s  b e e n  o b s e r v e d  i n  U d i m e t  7 0 0  b u t  
i s  n o t  s e e n  i n  W a s p a l o y  2 3 s 3 5 ,  For t h i s  r e a s o n  t h e  e f f e c t  o f  
c o b a l t  on t h e  s t a c k i n g  f a u l t  e n e r g y  o f  t h e  m a t r i x  d o e s  n o t  a f f e c t  
t h e  c r e e p  b e h a v i o r  o f  Ud ime t  7 0 0  w h i l e  i t  b a s  a c o n s i d e r a b l e  e f f e c t  
on t h e  c r e e p  o f  W a s p a l o y .  In W a s p a l o y ,  t h e  r e s u l t s  o f  t h e  p r e s e n t  
s t u d y  i n d i c a t e  t h a t  r a i s i n g  t h e  SFE b y  r e m o v i n g  c o b a l t  may s i g n i -  
f i c a n t l y  i n c r e a s e  c r e e p  r a t e s  by r e d u c i n g  t h e  b a r r i e r s  t o  c r o s s -  
s l i p  b y  r e d u c i n g  t h e  p a r t i a l  d i s l o c a t i o n  s e p a r a t i o n .  
S i n c e  t h e  a l l o y  c h e m i s t r y  d e t e r m i n e s  t h e  m a t r i x  s t a c k i n g  f a u l t  
e n e r g y ,  f e n  a l t e r n a t i v e s  a r e  a v a i l a b l e  t o  l o w e r  t h i s  e n e r g y  w i t h o u t  
mak ing  c o n s i d e r a b l e  c h a n g e s  i n  t h e  a l l o y .  S u c h  c h a n g e s  may f a r  
o u t w e i g h  t h e  s u b t l e  e f f e c t  on SFE. The a l t e r n a t i v e  m e t h o d  we u s e d  
t o  c o r r e c t  t h i s  d e c r e a s e d  c r e e p  r e s i s t a n c e  i s  t o  i n c r e a s e  t h e  
number o f  o b s t a c l e s  ( i . e , ,  t h e  y '  f r a c t i o n ) ,  A c o b a l t - f r e e  a l l o y  
w i t h  t h e  c r e e p  r e s i s t a n c e  o f  s t a n d a r d  W a s p a l o y  was p r o d u c e d  b y  
a d d i n g  0 . 2 5  w e i g h t  p e r c e n t  ( A l + T i )  a b o v e  t h e  s p e c i f i c a t i o n  
maximum. The t r a d e - o f f  o f  r e d u c e d  d u c t i l i t y  f o r  t h e  i n c r e a s e d  
s t r e n g t h  r e s u l t e d .  O p t i m i z i n g  F a s p a l o y  w i t h  a n  i n t e r m e d i a t e  c o b a l t  
l e v e l  and t h e  a luminum and  t i t a n i u m  c o n t e n t s  a t  t h e  s p e c i f i c a t i o n  
maximum may b e  a r e a s o n a b l e  means  of r e d u c i n g  c o b a l t  c o n s u m p t i o n  i n  
t h i s  a l l o y .  
The e f f e c t s  o f  c o b a l t  on  c r e e p  d e f o r m a t i o n  i n  w r o u g h t  
n i c k e l - b a s e  s u p e r a l l o y s  c a n  b e  s u m m a r i z e d  a s  f o l l o w s :  
1) C o b a l t  d e c r e a s e s  t h e  m a t r i x  s o l u b i l i t y  f o r  a luminum and 
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t i t a n i u m  w h i c h  s l i g h t l y  i n c r e a s e s  t f i e  y e  vo lume  f r a c t i o n  i n  
low volume f r a c t i o n  a l l o y s .  T h i s  e f f e c t  i s  u s u a l l y  t o o  
s m a l l  t o  a f f e c t  t h e  p r o p e r t i e s  o f  t h e  a l l o y s  ( a s  s e e n  i n  
W a s p a l o y  and  Ud ime t  7 0 0 ) .  
2 )  C o b a l t  l o w e r s  t h e  m a t r i x  s t a c k i n g  f a u l t  e n e r g y  o f  a l l  
n i c k e l - b a s e  a l l o y s .  
3 )  SFE e f f e c t s  o f  c o b a l t  h a v e  b e e n  shown t o  c o n t r o l  t h e  
c r e e p  r e s i s t a n c e  o f  W a s p a l o y  and  t h e  r e s u l t s  f i t  a 
s e m i - e m p i r i c a l  e q u a t i o n  w h i c h  i n c l u d e s  t h e  SFE t e r m  
i n  t h e  r e s i s t i n g  s t r e s s  mode l  f o r  c r e e p  i n  p a r t i c l e  
s t r e n g t h e n e d  s y s t e m s .  
4 )  The same SFE e f f e c t  i n  t h e  h i g h  y '  f r a c t i o n  a l l o y ,  
Ud ime t  7 0 0 ,  h a s  no e f f e c t  on c r e e p .  
5 )  We a t t r i b u t e  t h i s  d i f f e r e n c e  b e t w e e n  t h e  two a l l o y s  t o  
t h e  d i s l o c a t i o n  p a i r i n g  i n  t h e  h i g h  vo lume  f r a c t i o n  a l l o y s  
o v e r s h a d o w i n g  t h e  e f f e c t s  o f  SFE on p a r t i a l  d i s l o c a t i o n  
s e p a r a t i o n .  
6 )  The l o s s  o f  c r e e p  r e s i s t a n c e  in low c o b a l t ,  h i g h  s t r e n g t h  
a l l o y s  i s  n o t  g e n e r a l l y  a n  i n t r i n s i c  e f f e c t  a n d  c a n  b e  
c o r r e c t e d  w i t h  p r o p e r  t h e r m o m e c h a n i c a l  p r o c e s s i n g  or h e a t  
t r e a t m e n t .  In t h e  low y '  f r o c t . i o n  a l l o y s  s u c h  a s  W a s p e t o y ,  
t h e  e f f e c t  of c o b a l t  on c r e e p  i s  i n t r i n s i c  t o  t h e  m a t r i x  
c h e m i s t r y  s o  c o n p a s i t i o n a f  c h a n g e s  a z e  a n e c e s s i t y  t o  
r e s t o r e  p r o p e r t i e s .  
7 )  We h a v e  d e m o n s t r a t e  t h a t  t h e  c r e e p  r e s i s t a n c e  o f  a l ow 
c o b a l t  v e r s i o n  of W a s p a l o y  c a n  b e  r e s t o r e d  t o  t h e  l e v e l  of 
t h e  s t a n d a r d  a l l o y  w i t h  m i n o r  a d d i t i o n s  o f  ( A l + T i )  t o  
i n c r e a s e  t h e  Y~ f r a c t i o n .  
2 1  
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T a b l e  I e  A l l o y  Compositions ( i n  w e i g h t  p e r c e n t )  
H e a t  No. Ni c o  C r  2: 0 A 1  Ti C I3 Z r  
DJ-1947 b a l .  < 0 . 1  1 9 . 6  4.07 1 . 3 0  3 .03  .039  . 0 0 5  0 . 0 7  
D5-1948 b a l .  4.6 1 9 . 5  4.08 1 . 2 9  3 .02  - 0 4 2  - 0 0 5  0.07  
D5-1949 b a l .  9 . 0  1 9 . 4  4.12 1 . 3 2  2 . 9 9  .041  - 0 0 4  0 . 0 7  
D5-1950 b a l .  1 3 . 4  1 9 . 5  4.19 1 . 3 3  3 .05  , 0 4 0  . 0 0 5  0 . 0 7  
Dl-1948-1 b a l .  0 . 0  1 9 . 3  4 .00  1 . 5 0  3 .15  . 0 3 5  . 0 0 5  0.07 
D1-1948-2 b a l .  0 . 0  1 9 . 3  4.00 1 . 7 0  3 . 4 0  - 0 3 5  .005  0 , 0 7  
F o r  a l l  a l l o y s  F e < . 1 3 ,  Mn, Si, Cu < . l o ,  S<.OO4 and  P < . O l .  
T a b l e  11. H e a t  T r e a t m e n t  S c h e d u l e s .  
H e a t s  D5-1947, 1 9 4 8 ,  1 9 4 9  and  1 9 5 0  
10IO°C (1850OF) / 4 H o u r s  / O i l  Q u e n c h  
843OC (1550OF) / 4 B o a r s  / A i r  Cool  
76OOC (1400OF) / 1 6  H o u r s  / A i r  Coo l  
H e a t  D1-1948-1 
1029OC (1885OF) / 4 H o u r s  / ' O i l  Quench  
843OC (1550OF) / 4 Hours  / A i r  Cool  
760OC ( 1 4 0 0 ° F )  / 1 6  H o u r s  / A i r  Cool  
H e a t  P1-1948-2 
1052OC (1925OF) / 4 Hours / O i l  Quench  
843OC (1550OF) / 4 Hours  / A i r  Cool  
76OOC ( 1 4 0 0 ° F )  / 1 6  H o u r s  / A i r  Cool  
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T a b l e  111. Room T e m p e r a t u r e  T e n s i l e  P r o p e r t i e s  of U'aspaloy 
0.2% Y i e l d  U1 t ima t e  E l o n g a t i o n  R e d a c t  i o n  
Numb e r S t r e n g t h  S t r e n g t h  ( i n  % )  of Area  
( i n  bfPa) ( i n  ItSPa) (in W )  
H e a t  
D5-1947 
( 0  z C O )  
D5-1948 
(4 .6% C O )  
D5-1949 
(9.0% C O )  
D5-1950 
(13 .4% C o )  
999 
1 0 1 0  
1 0 1 2  
1 0 2 6  
1 0 4 8  
1 0 2 6  
1 0 2 1  
D1-1948 879 
( A 1  + T i )  923  
1 3 7 5  
1 3 8 0  
1 3 9 0  
1 4 1 0  
1 4 2 0  
1 4 2 5  
1 4 2 0  
1 3 2 5  
1 3 6 8  
30 .4  
2 8 . 9  
28 .8  
29 .7  
2 9 . 5  
29 .2  
29 .6  
26 .2  
2 6 . 3  
43 .9  
42 .9  
39 .8  
46.3 
42 .8  
4 3 . 1  
41.6 
29 .2  
31 .5  
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Table IV. Creep and Stress Rupture Properties of Waspaloy 
Alloy Temperature Applied Rupture l i n i a a m  Elongation Reduction 
Eiea t ( i n  OC) Stress Life Creep Rate (in % )  of Area 
Number ( i n  IPa) (hours) (per sec) (in % )  
D5-1947 7 6 0  
(0% CO) 
7 3 2  
7 0 4  
D5-1948 7 6 0  
( 4 , 6 %  C o )  
7 3 2  
7 0 4  
D5-1949 7 6 0  
( 9 . 0 %  CO) 
732 
7 0 4  
D 5-1 9 50 7 6 0  
( 1 3 . 4 %  C o )  
7 3 2  
7 0 4  
4 4 8  
517 
5 5 1  
5 5 1  
5 5 1  
5 5 1  
4 4 8  
5 1 7  
5 5 1  
5 5 1  
5 5 1  
4 4 8  
517 
5 5 1  
5 5 1  
5 5 1  
4 4 8  
517 
5 5 1  
5 5 1  
5 5 1  
3 . 4 8  
1 . 5 5  
1 . 4 9  
4 . 0 3  
4 . 6 1  
1 9 . 5 6  
8 . 8 1  
1 . 9 7  
2 . 2 9  
6 .  
6 5 . 3 0  
1 4 . 1 5  
5 . 7 7  
2 . 0 4  
1 2  . 8 0  
1 0 9 . 5  
3 0 . 0 1  
1 1 . 5 3  
8 . 9 9  
3 2 . 0  
2 2 5 . 4  
6 .3x10-6 
1.7x10-3 
4 . 4 x 1  0-6 
6 . 3x103 
6 .OxlO-7 
2 .3x103 
7 . 4 x l  0-6 
2 .2XlO'6 
1.5x10-'  
1 . 0 ~ 1 0 - 5  
1 . 0 ~ 1 0 - 5  
9 . 1 ~ 1 0 - 7  
3 .Ox10-6 
7 . 5x10-6 
l . l x l o - 6  
6 .3xlO-S 
3 .  5x10-7 
7 . 9 x 1  0-7 
1 .  8 ~ 1 0 ' ~  
1 . 7 ~ 1 0 '  
1 . 8 ~ 1 0 ' 8  
2 2 . 5  
2 2 . 9  
1 6 . 5  
1 8 . 0  
2 3 . 4  
1 6  .O 
2 1 . 7  
1 1 . 2  
2 4 . 3  
1 5 . 7  
3 7 . 6  
2 8 . 4  
3 0 . 9  
2 9 . 9  
1 6 . 4  
2 5 . 3  
1 5 . 4  
2 4 . 6  
1 7 . 2  
2 9 . 1  
3 2 . 3  
3 7 . 2  
2 6 . 2  
2 7 . 6  
2 0 . 7  
21. . 3  
5 6 . 1  
3 4 . 9  
6 2 . 8  
5 4 . 4  
4 6 . 7  
3 8 . 7  
4 8 . 8  
5 0 . 3  
4 4 . 7  
3 9 . 6  
6 5 . 8  
5 4 . 7  
5 9 . 7  
3 9 . 1  
5 4 . 3  
D1-1948 7 6 0  4 4 8  1 8 . 8 5  2 . 5 ~ 1 0 ' 7  1 4 . 0  1 8 . 1  
5 1 7  4 . 3 5  8 . 3 ~ 1 0 ' 7  1 1 , o  1 4 . 6  
T a b l e  V. C r e e p  P a r a m e t e r s  f o r  C o b a l t  M o d i f i e d  W a s p a l o p  B e a t  
# * U Q R e l a t i v e  APP P S C o b a l t  0. 
YSFE Number C o n t e n t  n ( k c a l / m o l e )  (HPa)  1; (MPa) 
1.00 D5-1947 0.0 7 .o 64.1 207 .651 202 
D5-1948 4.6 7.6 68.7 235 .693 195 0.86 
D5-1949 9.0 8.3 73.1 249 .739 198 0.75 
D5-1950 13.4 7.9 74.1 243 . S O 0  219 0.57 
D 1 - 19 4 8-2 0.0 8.4 -- 251 .810 215 0.54 
* 
# The SFE v a l u e  c a l c u l a t e d  f r o m  e q u a t i o n  3. 
The v a l u e  f o r  os i s  b a s e d  o a  an a p p l i e d  s t r e s s  o f  517 MPa. 
T a b l e  VI. C r e e p  P a r a m e t e r s  for C o b a l t  Y o d i f i e d  U d i m e t  700 
R e l a t i v e  # 
Q Q APP P S H e a t  Cobalt Q 
%FE C o n t e n t  n ( k c a l / m o l e )  (WPa) k (MPa) Numb e r 
12.3 e- D5-1884 0.0 
12.5 -- D5-1886 8.6 
D5-1933 17 . O  12.1 e- 
227 .744 195 1 .OO 
430 ,754 195 0.96 
423 .739 198 1.02 
* The v a l u e  f o r  os is b a s e d  on a n  a p p l i e d  s t r e s s  of 689 MPa. 
# The SFE v a l u e  c a l c u l a t e d  from e q u a t i o n  3. 
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F i g u r e  1 .  SEM m i c r o g r a p h s  o f  V a s p a l o y  w i t h  1 3 %  c o b a l t  ( a  a n d  c )  and  
0% c o b a l t  ( b  a n d  d ) .  
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P i g a r e  2 .  T e n s i l e  s t r e n g t h  o f  Waspa loy  a s  a f u n c t i o n  o f  c o b a l t .  
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F i g u r e  3 .  S t r e s s  r u p t u r e  l i v e s  o f  Waspaloy a s  a f u n c t i o n  o f  c o b a l t .  
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Figure 4. Minimum creep rates as a function of cobalt content. 
Note that the cobalt free alloy with additional (Al+Ti) 
shows the same creep rate as the alloy with the standard 
cobalt, aluminum and titanium contents. 
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creep r a t e  were found under a l l  t e s t  c o n d i t i o n s .  Both t h e  apparent creep a c t i -  
v a t i o n  energy and t h e  m a t r i x  c o n t r i b u t i o n  t o  creep r e s i s t a n c e  were found t o  i n -  
crease w i t h  c o b a l t .  
s t a c k i n g  f a u l t  energy o f  t h e  a l l o y  m a t r i x .  
removal o f  c o b a l t  i s  shown t o  be r e s t o r e d  b y  s l i g h t l y  i n c r e a s i n g  t h e  y l  
f r a c t i o n .  R e s u l t s  a r e  compared t o  a p r e v i o u s  s t u d y  on Udimet 700 - a h i g h e r  
s t rength ,  h i g h e r  y l  
which c o b a l t  d i d  n o t  a f f e c t  creep r e s i s t a n c e .  
ence i n  behav io r  based on i n t e r p a r t i c l e  spacing and c r o s s - s l i p  i s  presented. 
The creep r e s i s t a n c e  and t h e  s t r e s s  r u p t u r e  r e s i s t a n c e  determined 
These creep e f f e c t s  a r e  a t t r i b u t e d  t o  c o b a l t  l o w e r i n g  t h e  
The creep r e s i s t a n c e  l o s s  due t o  t h e  
volume 
volume f r a c t i o n  a l l o y  w i t h  s i m i l a r  phase c h e m i s t r y  - i n  
An e x p l a n a t i o n  f o r  t h i s  d i f f e r -  
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